INTRODUCTION
The micro-pulling down method is a relatively new crystal growth technique developed at Tohoku University, Japan. Recent improvements of this method make the quality of micro-pulling down crystals comparable with those prepared by Czochralski (Cz), Bridgeman -Stockbarger (BS), or other classical growth techniques [1] . Owing to a fast growth speed, a high quality single crystal can be grown using less than 1 g of raw material in 5 -12 hours, thereby allowing growth of large crystals at a shorter time and at a lower cost compared with other melt growth methods like Cz or BS. Moreover, this method has the capability to control the shape of the grown crystal such as fiber, rod, tube, and so on. [1] Several works on the successful growth of oxide crystals have demonstrated the advantages of this method [2] [3] [4] [5] [6] [7] .
On the other hand, fluoride materials have found considerable attention because of their applications in various fields such as laser materials, optical materials for VUV, and just recently, as scintillators. Considering these applications, innovation of the micro-pulling down apparatus to accommodate fluoride crystal growth was carried out. Moreover, extensive research is put into the improvement of this method to facilitate the screening of fluoride host lattices, dopant concentration and optimization of the growth parameters. The demonstration of radio luminescence (RL) from a micro-pulling down grown Ce:PrF 3 shows that this method is capable of efficiently growing fluoride crystals for applications mentioned earlier [8] .
Solid-state ultraviolet (UV) laser materials based on 4f-5d transitions of Ce 3+ ions have been extensively studied and have emerged as convenient and compact sources of ultraviolet radiation. [9] [10] [11] [12] Among the Ce3+-doped fluorides, Ce 3+ :LiCaAlF 6 (Ce:LiCAF) [9] [10] and Ce 3+ :LiSrAlF 6 (Ce:LiSAF) [13] [14] can be directly pumped by the fourth harmonic of an Nd:YAG laser while Ce:LiLuF 4 (Ce:LLF) [10] [11] [12] and Ce: YLiF 4 (Ce:LYF) [15] can be directly pumped by the fifth harmonic of an Nd:YAG laser. UV emission from Cz or BS method-grown crystals is well established and has found various applications in spectroscopy, metrology, and biology. Development of more efficient growth techniques for the production of better crystals could usher improved laser performance from previously established laser materials. Despite the attractive applications of fluorides as laser material, lasing in the UV from a micro-pulling down method grown fluoride
has not yet been realized.
In this paper we report the successful growth of a Ce:LiCAF crystal using the micro-pulling down method. Moreover, we demonstrate laser emission in the ultraviolet region with 10 % slope efficiency from this crystal. This is the first demonstration of UV laser emission from a fluoride crystal grown by this method. This result reinforces its merits as a useful tool for fluoride crystal growth.
EXPERIMENTAL
Ce:LiCAF crystal is efficiently grown by the micro-pulling down method modified for fluoride crystal growth. [8] High purity (>99.99%) AlF 3 , CaF 2 , and LiF are used as starting material. The sample was grown using an RF heated micro-pulling down apparatus with graphite crucible. The 30-mm long, 2-mm wide single crystal was grown with a pulling rate of 0.1 mm/min. The growth atmosphere is a mixture of Ar and CF 4 . The crystal was grown with complete solidification of the melt charged in the crucible. No coating was applied to both ends of the crystal. The schematic diagram of the micro-pulling down apparatus is shown in Fig. 1 .
The laser resonator is established by using a flat high reflector (reflection at 290 nm > 99%) and a flat output coupler (transmission at 290nm = 60%). The length of the laser cavity is 7cm. The sample is pumped by the fourth harmonics of two synchronized Nd:YAG lasers operating at 266 nm and 10 Hz repetition rate. For two-side pumping, a cylindrical lens (f = 300mm) is used to individually focus the pump beams onto opposite sides of the crystal. The distance of the lens to the sample is set at 260nm to ensure that the beam is approximately the same size as the crystal diameter. Moreover, the total pump energy is equally distributed between the two sides. The schematic diagram of the two-side pumping configuration is shown in Fig. 2 . For one-side pumping, one of the beams is blocked while maintaining the original alignment. The output energy is measured using a joule meter (Gentec ED100). Fig. 3 shows the measured oscillator output energy as a function of the absorbed pump energy for one-and two-side pumping configurations. The absorbed pump energy is corrected for the Fresnel reflection losses. Considering Fresnel reflection losses of about 8%, the absorbed energy is about 12%. Output energy scales linearly with pump energy and the slope efficiency obtained is around 10% for both configurations. Slope efficiency and oscillator output energy for each side is the same, indicating that emission condition for individual sides is similar. For two-side pumping, the slope efficiency is almost the same as the one -side pumping configuration; however, the output energy is a combination of the output energies from each pumped side. For instance, the maximum output energy for one-side pumping is 0.5mJ for 50mJ pump energy while for two-side pumping, output energy is 1mJ for 50mJ pump energy on each side. Equivalently, equally distributing the total pump energy to two sides yields the same output energy as pumping one side with the total pump energy. This implies that two-side pumping is more advantageous than one-side-pumping in that damage to the crystal can be reduced. We measured the emission at 290 nm to have a pulse width of 4 ns. We expect improvement in the slope efficiency with improved crystal quality by optimizing the crystal growth parameters such as doping concentration, by polishing the pumping window of the crystal, and having Brewster cut ends.
RESULTS AND DISCUSSION

SUMMARY
In summary, Ce:LiCAF crystal is successfully grown via the micro-pulling down method. Transversely pumping one and two sides of the 30-mm long, 2-mm wide crystal with the fourth harmonic of a Q-switched 10-Hz Nd:YAG laser results to lasing at 290 nm with 10% slope efficiency. This is the first demonstration of lasing in the UV region from a micro-pulling down method grown Ce:LiCAF. Efficiency is expected to increase with improved crystal quality owing to optimized growth parameters. Fig. 2 Oscillator output energy as a function of absorbed pump energy for one-and two-side pumping configurations. Slope efficiency is 10 %. The absorbed pump energy is corrected for Fresnel reflection losses.
